We calculate the electric dipole moment for the electron and neutron in the framework of the 3 -3 -1 model with heavy charged leptons. We assume that the only source of CP violation arises from a complex trilinear coupling constant and the three complex VEVs. However, two of the vacua phases are absorbed and the other two are equal up to a minus sign. Hence only one physical phase survives. In order to be compatible with the experimental data this phase has to be < 10 −6 .
I. INTRODUCTION
The measurement of the electric dipole moment (EDM) of elementary particles is a crucial issue to particle physics. This is because for a non-degenerate system, as nucleus or an elementary particle, an EDM is possible only if the symmetries under T and CP are violated.
On one hand, in the Standard Model (SM) framework the only source of T and CP violation is the phase δ in the CKM mixing matrix. On the other hand, the SM prediction for the neutron electric dipole moment (EDM) is |d n | SM ≈ 10 −32 e· cm [2] [3] [4] [5] [6] , six orders of magnitude below the actual experimental limit of |d n | exp < 2.9 × 10 −26 e · cm [7] . Moreover, for the electron EDM the SM prediction of |d e | SM < 10 −38 e · cm [8] and the experimental upper limit of |d e | exp < 8.7 × 10 −29 e · cm [9] . Hence, we see that in the context of the Standard
Model the Kobayashi-Maskawa phase is not enough for explaning an EDM with a value near the experimental limit for both electron and neutron. If the latter case is confirmed in future experiments, it certainly means the discovery of new physics with new CP violation sources.
We can rewrite the experimental upper bound of the electron EDM in units of Borh magneton as follows
where M is the particle responsible for the non-vanishing EDM of a given particle. From
Eq.
(1) we obtain that M > 5 × 10 14 GeV. This naive calculation assumes that the electron EDM arises only by the effect of a massive particle. Notwithstanding, in a specific model the masses of the particles responsible for the EDM may be much smaller than this value since it does not take into account the couplings of the reponsible particle and negative interference if there are several of such particles. This is the case in electroweak models and, in particular, in the 3-3-1 ones. In the latter models there are many CP violating phases like the Kobayashi-Maskawa δ, but these are hard phases in the unitary matrices that relate the symmetry eigenstates and the mass eigenstates that, unlike in the SM, survive in some interactions among quarks, vector bosons and scalars.
Moreover, cosmology also hints that the SM may not be a complete description and that new CP violating phases must exist in models beyond the SM in order to explain the observed matter-anti-matter asymmetry of the Universe [10] [11] [12] . Therefore, we are led to explore alternatives to the SM, in our case we consider the 3-3-1 model with heavy leptons (331HL for short) [13] . However, in this work we will only be concerned with the EDM issue.
The outline of this paper is as follows. In Sec. II we introduce the representation content of the model: in Subsec. II A we write the scalar content, in Subsec. II B the lepton sector, and quarks in Subsec. II C. In Sec. III we calculate the EDMs, for the electron in Subsec. III A and for the neutron in III B. The last section, Sec. IV, is devoted to our conclusions. In the Appendices A -D we write all the interactions used in our calculation.
II. THE 3-3-1 MODEL
Here we will work in the framework of the 3-3-1 model with heavy leptons proposed in
Ref. [13] . In this, as in other 3-3-1 models, there are many phases in the mixing matrices.
Even if the phases in the CKM mixing matrix are absorbed in the quark fields, they appear in the interactions of the fermions with heavy vector and scalar bosons [14] . Here we considered the case when the only CP violating phase is that of the soft trilinear interaction in the scalar potential and the three VEV are also considered complex. However, the phases in the VEVs v η and v ρ , can be rotated away with a SU (3) transformation and the stationary condition imposes a relation between the other two, thus only one physical phase survive.
It was shown in Refs. [15, 16] that the model have a mechanism for CP violation, but there detailed calculations of the EDMs weren't done. This was mainly because at the time we did not knew realistic values for the matrices V U,D L,R and V l L,R their numerical values are given in Sec. II B. Expressions for the matrices in the quark sector were found in Ref. [17] in the context of the non-trivial SM limit of the model found in Ref. [18] . See Sec. II C.
In this model, as in the minimal 3-3-1, the electric charge operator is given by
where e is the electron charge, T 3,8 = λ 3,8 /2 (being λ 3,8 the Gell-Mann matrices) and X is the hypercharge operator associated to the U (1) X group. In the following subsections we present the field content of the model, with its charges associated to each group on the parentheses, in the form (SU (3)
A. The scalar sector
The minimal scalar sector for the model is composed by three triplets:
Solving numerically these equations we obtain one of the possible solutions as 
if we use the input for the Yuakawa coupling constants: 
and the observed charged leptons masses. To find this solution we have also considered |v ρ | = 54 GeV. For the justification of this value see Ref. [17] .
From Eq. (5) we can write the interactions with the charged scalars:
where ν L = (ν e ν µ ν τ ) T . Moreover, the charged scalars have still to be projected over the mass eigenstates denoted by Y term, the model implement a symmetric 6 × 6 neutrino mass matrix. We will address the neutrino masses elsewhere, showing that it is possible to obtain a realistic PMNS matrix, but at present we ignore the neutrino masses.
C. Quarks
In the quark sector there are two anti-triplets and one triplet, all left-handed, besides the corresponding right-handed singlets:
where m = 1, 2 e α = 1, 2, 3. The j m exotic quarks have electric charge -4/3 and the J exotic quark has electric charge 5/3 in units of |e|.
The Yukawa interactions between quarks and scalars are given by:
where we omitted the sum in m, i and α, U αR = (u c t ) R and
, G mi and g J are the coupling constants.
From Eq. (12), we obtain the exotic quarks have the following interactions with the charged scalars
We have defined the matrices
In Eq. (13) we have assumed that the mass matrix in the j 1 , j 2 sector is diagonal, i.e.,
In this case G ii = |G ii |e iθχ and g J = |g J |e iθχ . After absorving the θ χ phase in the masses we have
We have also used the fact that if U L,R and D L,R denote the symmetry eingenstates and U L,R and D L,R the mass eigenstates, they are related by unitary matrices as follows:
In terms of the mass eigenstates we can write the Yukawa interactions in Eqs. (13) and (14) as in Appendix C, where the charged scalar have already been projected on the
In this appendix we wrote only the interactions which appear in the EDM diagrams.
Using as input the observed quark masses and the mixing matrix in the quark sector,
, the numerical values of the matrices V U,D L,R were found to be [17] : 
In the same way we obtain the V U,D R matrices: were ontained by using v ρ = 54 GeV and v η = 240 GeV. The matrices given in Eqs. (15) and (16) give the correct quark masses (at the Z-pole given in Ref. [19] ) and the CKM matrix if the Yukawa couplings are:
. For more details see Ref. [17] .
III. THE EDM IN THIS MODEL
In the framework of quantum field theory (QFT) the EDM of a fermion is described by an effective lagrangian
where d is the magnitude of the EDM, f is the fermion wave function and F µν is the electromagnetic tensor. This lagrangian gives rise to the vertex
where q ν is the photon's momentum.
Since the EDM is an electromagnetic property of a particle, its lagrangian depends on the interaction between the particle and the electromagnetic field. To find the EDM, one must consider all the diagrams for a vertex between the particle and a photon. The sum of the amplitudes will be proportional to
Comparing with Eq. 18, we can see
A. The electron EDM
Considering the diagrams like that given in Fig. 1 we find the following expression for the electron EDM contributions at the one loop level. Assuming that the only source of CP violation are the e-E l -Y vertices in Eq. (9) with ρ −− and χ −− projected on Y −− as is shown in Eq. (A2), the electron EDM is given by:
where are given by:
and
where m E l (l = e, µ, τ ) and m e denote the mass of the heavy lepton and the electron mass respectively. Also, m Y is the mass of the scalar in the diagram, which in this case is Y ++ .
Using Eq. (20) and considering that it respects the actual experimental limit [9] (|d e | Y < |d e | exp = 8.7 × 10 −29 e · cm) we obtain the graph in Fig. 3 (6), (7) and (8), respectively. Notice that the projection over the mass eigenstate Y −− implies the factor
It should be noted that our theoretical prediction only allow small values for θ χ , being of order 10 −6 to 10 −7 , except in the case where the E τ mass is small or the Y −− mass is large.
B. The neutron EDM
As in the case of charged leptons we will assume here that the only source of CP violation is the phase θ χ . Considering the diagrams given in Fig. 2 we find an expression for the neutron EDM in the 3-3-1 model with heavy leptons. For each diagram we calculate the contribution to the EDM given by each quark, with the total EDM of the neutron given by:
where
where Y denotes Y ++ . We have used the definition of the matrices in Eqs. (C2), (C4), (C10) and (C12).
Similarly, considering the figures involving the u quark in Fig. 2 d
and the integrals I Using eq. (24) and considering that it respects the actual experimental limit [7] (|d Y | < .
IV. CONCLUSIONS
The electron EDM impose a strong constraint in new mechanism of CP violation. Both, the experimental upper limit and the SM predicition are lower than the neutron EDM.
Moreover it is not sensitive to QCD corrections, at least at the 1-loop level. In the framework of the 3-3-1 models, the electron EDM was calculated in Refs. [15, 20] . However, at that time we knew nothing neither about the unitary matrices in the lepton sector,
L,R in the quark sector. Notwithstanding, after the results from Ref. [17] it is possible to make more realistic calculations of the EDM since now the number of free parameters is lower than before. In fact, once the values of |v ρ | and |v η | are obtained, the quark masses and the CKM matrix determine, not necessarily univocally, the unitary matrices in the quark sector.
The same happens in the lepton sector as is shown in Sec. II B. At this level, the unknown parameters are the phase θ χ , the masses of the scalars (although one of the neutral ones has to have a mass of the order of 125 GeV), the orthogonal matrix which diagonalize the mass matrix of the CP even neutral scalars, and the masses of the exotic quarks.
From the calculation of the EDM of the neutron and the electron at 1-loop order we were able to set lower limits on the masses of the Y + 2 and Y ++ scalars, which are compatible with the search of these sort of fields at the LHC and Tevatron [21] , and on the masses of the exotic fermions, depending on the value of θ χ , and we have also a good indication that this phase should be below 10 −6 . From the graph in Fig. 3 we see that as the mass of Y ++ goes up the electron EDM decreases, while the inverse happens for the mass of E τ .
In the case of the neutron EDM, from Figs. 4 and 5, we see also that the increase of the masses of the scalars Y ++ and Y + 1 decrease the EDM, and the decrease of m j 2 (the mass of the exotic quark j 2 ) also decreases the EDM. Analyzing Eqs. (21) and (21) it is clear that the increase of the masses of the exotic scalars will decrease the EDM, since these masses appear in the denominator. As for the decrease of the EDM from the decrease of the masses of the exotic fermions it can be explained from the fact that Eqs. (21) and (21) This effect can be explained from the signs of the coupling constants and elements of the fermion diagonalization matrices, which can lead to cancellations among the many diagrams involved in the final result.
It seems that in this model we have a situation similar with that in supersymmetric theories in which the EDM's are larger than the SM prediciton and are appropriately suppressed only by the phases. This is the so called SUSY CP -problem. See Ref. [22, 23] and references therein. We stress again that we have considered only the soft CP violation present in the model. In fact, it has other CP hard violating sources. Beside the phase δ in the CKM matrix, the matrices V U,D,l L,R are also complex with, in principle, six arbitrary phases. In the SM, the contribution of the CKM matrix δ to d e,n is negligible at the 1-loop level in pure weak amplitudes, but this is not necessarily the case for the phases in the matrices V 
denote the extra phases from the respective matrices.
In this case, all phases may be naturally of O(1) while the sum is small ∼ 10 −6 .
The contributions of these phases in the framework of the minimal 3-3-1 model were done in Ref. [20] . It is, of course, important to take into account these extra phases, but it is beyond the scope of the present work. We recall that even the right-handed matrices
survive in the neutral scalar sector which has flavour changing neutral currents as it was shown in Ref. [17] . It is possible that three of the phases in V D L can be absorbed in the exotic quarks J, j 1 and j 2 , but there is no more freedom to absorb the phases in V U L . Notwithstanding, these phases will appear in the vertices shown in Sec. C.
The most general potential, invariant under CP transformations, for the scalars is:
where we have used φ 1 = χ, φ 2 = η and φ 3 = ρ, except in the trilinear term.
Taking the derivatives of Eq. (A1) with respect to the vacua and setting these to zero we are able to find expressions for µ 2 χ , µ 2 η and µ 2 ρ . Also, from these derivatives, we can find that α = |α|e −iθχ . Using this we can find the mass matrices and, therefore, the following mass eigenstates:
Double charge scalars:
where A = |v χ ||v η ||v ρ ||α|/ √ 2.
First pair of single charge scalars:
Second pair of single charge scalars:
Neutral CP-odd scalars:
For the CP-even scalras we are unable to find an analytic solution. But, since the mass matrix is real and symmetric, we know that it can be diagonalized by an orthogonal matrix.
Therefore: X Notice that since v η and v ρ are already known in the context of Ref. [18] and a lower limit on |v χ | was obtained in Ref. [17] , the projection of the scalar symmetry eigensttes over the mass eigensttes is now completely determined. We have used v η = 240 GeV, v ρ = 54 GeV, and |v χ | = 2000 GeV.
Appendix B: Lepton-scalar charged interactions
From the Eq. (9), we obtain the interaction terms of the lagrangian for the charged leptons and charged scalars:
whereM l andM E are, respectively, the diagonal mass matrices of the known leptons l = e, µ, τ and the heavy ones E e , E µ , E τ . The numerical values of the matrices V l L and V l R are given in Eqs. (6) and (7), respectively. We recall that we have considered a basis in which the heavy leptons mass matrix is diagonal, i.e., that their masses are
Otherwise the matrices V E L,R which diagonalize the general matrix M E will appear in the vertices above. We think that this refinement is not necessary at this time.
Appendix C: Quark-scalar interactions From Eqs. (13) and (14) we obtain the Yukawa interactions with the charged scalars that contribute to the EDM.
Interactions among D L -type and j R -type quarks:
where j R = (j 1 j 2 0) R and we have defined
Interactions among D L -type and J R quarks:
with
Interactions among U L -type and j R -type quarks:
Interactions among U L -type and J R quarks:
Interactions among j L -type and D R -type quarks:
Interactions among J L and D R -type quarks:
Interactions among j L -type and U R -type quarks:
Interactions among J L and U R quarks:
where 
